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Io AdministratLon of the Contract 

A .  Personnel 

Di-. Francis B. Clough, Assactate Professor of Chemistry at Stevens, 

has agreed t o  callaborate with Dr. Pollara an thts research program. 

David C. Locke, who is now conplethg his Doctoral studies a t  Kansas 

State UnLverafty, has been appointed Post-Doctoral Xeseerch Fellow under the 

provisions of the eontrect, 

3964. 

He will as8u1~e hie responsibilit ies in June, 

Appoktment of a Graduate Research Asststant under the provbLons 

of -the sontract has been postponed t o  the academic year 1964-65, largely 

due to tztavdlability of a suitable candidate. 

E, Actfvfty to Date on the Research Project 

Before the proposal was finally funded, atzch of the experimental work 

envisisaed in the proposal was carried out by Danl l e l  E. Martire, in the 

course of hfs Ph.D. research. 

year cf doctoral research would be supported by this  contract, but Lt w a s  

necessary to find o tbr  weys to aupport hh. 

through the uce of the f a c i l i t i e s  of the Esao Research and Engheerfng Con- 

pany. 

The orLgina1 hope was that Dr.  Mattire's f i n a l  

The work was =de possible  

An accmnt of Dr.  Martire's work is hcluded h th is  report. 

This rn&WM.ng of the tern of the contract with the schedule of studies 

for Dr. Xnrtlre slowed further progress OR the research durhg the f a l l  of 

1963, Additional detai ls  are s e t  forth Ln Stevens' letter to Dr. S m a d a t e c l  

22 September 1963, A further complication has been the illness of the prh-  

t i p a l  investigator, D r .  LuLgi Pollara. 

of Dr. Clough w i l l  partially remedy this loss of t i m e  end prepare for the 

arrLval of the Post-Dwtoral Fellow Ln June 1964. 

It La expected that the collaboration 



C. Projected Act ivi ty  on the  Research Projec t  

Unti l  June, Dr, Clough w i l l  coBperate with the PrLncipal InveatLgator 

i n  following up the  work begun by D r .  Martire. The establishment of l230in- 

tcry f a c i l i t i e s  as indicated Ln the proposal w i l l  be included. 

Locke  ill join t h e  group, and in September 1964 a pre-doctoral Graduate 

In June D r .  

Research A s s f s t a n t  w i l l  also begin working on the  project ,  

11. Reanlts from the Inve8tigetion t o  Date 

The r e s u l t s  obtained thus far i n  t h i s  research project  are described 

Ln the Coctoral Disser ta t ion of Daniel E. Martire*. Although thLs work was 

not supported by t h e  contract ,  it Ls the  bas t s  f o r  fu r the r  work under the 

cont rac t ,  and w i l l  be described below. The abstract: of the  Disser ta t ion is 

appented t o  thLs report .  

c Daniel E, Marthe, "An Investigation of the Thermodynamics of Dilute  
Non-Electrolyte Solutions by Means of Gas-Liquid Chromatography ,*' Ph,D. 
Thesis, Stevens InstLtute of Technology, 1963. Wniversity Microfilm, 
MTc 63-6931, A m  Arbor, Michigan. 
"Advances irr Chromatography," Vol. 1, ed i ted  by J. C, Giddings and R. 
A .  Keller, shortly to be published by Marcel Dekker, Inc. 

Most of t h b  work w i l l  appear in  

A. Val fd i ty  of Activi ty  Coeff ic ients  Determined by Gas-Liquid Chromatogta?hy 

Martire analyzed the question of the val id l ty  of t he  a c t i v t t y  coef f i -  

c i en t s  deduced fpu gas chromatographic data. 

s t r e s sed  a r e  observed, ac t iv i ty  coef f ic ien ts  f o r  so lu tes  a t  i n f i n i t e  di lu-  

When t h e  precautions he 

tion obtained by t h i s  method seem accurate t o  within 2% (and probably repro- 

ducible t o  within 1%). 

The e s sen t i a l  preceutions a r e  as follows: Sample s i zes  must be small, 

and the column packing should be a t  least 154% l iqu id  t o  minimize t h e  possi- 

b i l i t y  of adsorpthn on t h e  sol id .  Accurate measurement Ls required of 

column temperature, initial retent ion t i m e ,  temperature of the flowmeter, 

t 
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i n l e t  and outlet pressures, flow ra te ,  and weight of the Liquid  p z - 2 ~ ~ ~ .  After 

cons 2derbg the obaerved variations of corrected retelbeicm volcmes w i t h  flu9 

rtite, llartire recornends that average values of the spec i fk  i s i t i a l  retea- 

tiion volmes be taken for activity coe f f i chnt  ccmputatlons. Hi.s reason is 

that any justifiable extrapolat Lon proce6ure would requLre an hprnctLcal 

extens ion of exper h e n t a l  the,  with 1 ittle improvement in accuracy. 

The coqutation of the activity coefftchnts requires aleo a knowledge 

oE the  Eugactties of the so lr te  vapor8 a t  the vapor pressure of the soluZe, 

These fugacities ere available for many hydrocarbons, but setisfectory valuas 

for polar solutaa are not eas i ly  obtahed. 

havior is a prjtncipal objective of thfs research, a l l  of the activiey crsefft- 

chnts  in MartLre's thesis were calculated using vapor pressures for fuga- 

cittes. A finer correctfan involves interactions between the solute and the 

cartier gae. 

Interesting poss C i i l l t y  of obtafning second vir ia l  coefficients for the inter- 

actions of gases, fro% gas-liquid chromatography data. 

Sfnce a conparison of solute be- 

The experimantal study of these CorrectLons holds open the 

3. 3eaultr, of the E x p e r h n t s  

Since the main object€ve in t h i s  research is t o  analyze interactions ba- 

twwn molcenles fn solution, the e x p e r k t a l  work was designed to provide 

data under unLPam conditions oxt a broad spectrum of solvent-solute pairs. 

Party-four solutes,  including aromatic and aliphntlc hydrocerbons, and hato- 

genated hydroearborn were studied in eight dtffereat carrier l iquids  as sol- 

vents. 

squalane, l-he?adccand, N ,N-dLn;ethyl myr iotemide , di-n-butyl tetrachloro- 

phthalate, di-n-butyl phthalete, dLnonyl phthalate, and benzyl diphenyl. 

The eight solvents, which had  to be of l o w  vo la t i l i ty ,  were n-ekosanes 

A ampling of the activlty caefficlents obtained from these experbents 
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d using s o l u t e  vapor pressures in place of fugac i t ies )  ace 

presented in Figs. 1 and 2. For other  values and full details reference 

must be made t o  Marthe's thesis. 

indicate t h e  possibilities of comparison whkh these data afford. 

The r e s u l t s  presented here w h l l  serve to 

C. In te rpre ta t ion  of t h e  Results 

Reflection on these and other data in the light of eontemporary t b o r i e s  

of S O l U t b M  brings sharply into focus some of the shortconhgs oE these 

theories, and leaves the impression t h a t  new tacks must be taken bcEore cn 

adequate theore t ica l  understanding of a c t i v i t y  caef Eicients can be obtained, 

Contemporary theory does, however, shed l ighe  on may aspects of solution be.,- 

h w  %or. 

Wfthh the concept of a regular solution, t h e  a c t h i t y  coefEtcient e m  

be thought of 8s the superposition of two  parts: 5 . 
The fLr s t  par t ,  In 'd' :, Ls regarded as a s t a t i s t i c a l  contribution related to 

t h e  difference Ln size of the  two molecules; th is  contribution can be estirnn- 

ted, and the cmtrlbutlon w i l l  always yte ld  negative deviations frorn Raoult's 

l a w .  

Scatchard treatment,  by the equation In Xf = - v* 2 ( 81- 6,)' where S 
is the s o l u b i l i t y  parameter (the energy of vaporization per cm 1. 

t r i bu t ions  w i l l  always be posftlve devlatLons from Baoult's law. 

In $ = Ln $ 5  + In 

The second pa r t ,  In 8:, can by estfmated, following the 7iiIdel;ranZ- 

3T 
3 These con- 

Martire made use of this re la t ionship  t o  dbcuss data of Desty and 

Swanton (1961) on diphatic and unsaturated hydrocarbons in aromatic so l~enta ,  

While the resu'its of this treatment were gratffyingly good, the  approxima- 

t h n s  Lnvulved show that t h i s  approach leaves much to be desired. 

f i c a n t  obr,ervetion, however, Ls t h a t  the contr ibut ion E rom the s i z e  difference 

is c l e a r l y  present in Martire's data. 

difference fn molecular size of sgualane and eicosane, the two hydrmarbons 

One s ign i -  

In particular, Martire showed that the 

used as solvents, could account for, in a reasonably quant i ta t ive  way, the 
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differences in  ac t iv i ty  coeff ic ients  in these solvents. The para l l e l  be- 

bw.rier & +,he 2ctC1.4.ty coeff ic ients  Ln squalane and eicosane can be observed 

in the charts eccmpcmying the  previous section. 

The technic of factor analysis,  as described in  the next sec t ion ,  holds 

promise 0% b e h g  of grea t  help in  developing new semi-empirical theories of 

solute-solvent interacthns . 
D. The Application of Factor Analysis t o  the Uti l iza t ion  of ActivSty Coef- 

f ic ient Data 

D r .  Pol lsra  and hi8 students have had considerable success in applying 

the  technic oE fac tor  analysis to  correlat ion of various properties of sub- 

stnnces, This technic has been used by Martire, to develop a way of examining 

t h e  effectiveness of par t icu lar  l iquid substrates  f o r  GLC separations. 

The essent ia l  problem that must be resolved, fo r  t h i s  appl icat ion,  LS 

how to interpret the variations observed in l n y  in term of fundamental 

prcprties and interactions of molecules. Generally, one searches f o r  a 

l i n e a r  equation in the properties. T o  i l l u s t r a t e ,  suppose t h a t  the polarl-  

z a b i l l t y ,  Cd , and the s o l a r  volume, v, of the solvent were the only s ign i f i -  

cant properties. Then, for solvents 1 and 2 and so lu te  1, equations as 

follows would be expeceed: 

1 n T l 1  = a1d1 + blvl 

l n 3 2 1  = a2Q11 + b y 1  , and so for th .  

The a i  and bi are so lu te  factors t o  match the solvent fac tors  O(1 and vl. 

another solvent ,  w i t h  factors a2 and v2: 

In 

l n y l 2  = a l d Z  + blv2 

In 75 22 = a2d2 + b v 
2 2  

, and so for th .  

In  general, when more fac tors  antst be included, nl and bl are examples of 

solute fac tors  RL while d2 and v2 are examples of solvent fac tors  qj2.  An 
j' 

equation for solute i in  solvent k would then be wri t ten as 
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scmted aver a l l  t he  various terms j. 

Clhile analysLs of data h t o  equatLons of t h i s  sort is frequently attemp- 

ted, two d i f f i c u l t i e s  generally arbe. 

sre needed, or even whether some fac tors  included are redundant; and it is 

not easy to discover just what are the relevant factors .  It  is the f i r s t  of 

these questions which is moat spec i f ica l ly  attacked by factor analysis--just 

how many fac tors  w i l l  be suf f ic ien t .  

It Ls seldom clear how many Pectora 

The second question, that of dfscaverirg 

the  relevant factors  €n terms of measurable molecular propzrt ies ,  remains a 

task EOP chemical insight.  Once, however, the hypothesis is made t h a t  cer- 

tain factors cover the  requirements, f ac to r  analysis again furnishes a technic 

for t e s t ing  the hypothesis, and for generating t h e  f i n a l  coefficcfents, e.g., 

the n i j .  

LE Martire's study, it did not Sean possible as yet t o  isolate the 

phyz ical psramtzrs appropriate to the descriptLon of the  a c t i v i t y  coeff i- 

c ient s  <or l n y  ) f o r  solutes  in verbus solvents.  

goal. 

vents f o r  the study,  with the aim of "spanning the s o l u t e  and solvent fac tor  

This remains a desirable  

However, chemical Q%ight was used i n  choosing the so lu tes  and sol-  

space," Le. of including i n  t h e  solvent-solute pr;irs a l l  of t h e  types o€ 

interact ions necessary to cover t h e  most general s i tua t ion .  

One set of data -- a l l  of t h e  ac t iv i ty  coef f ic ien ts  in one solvent 

(dhonyl. phthalate,  DN?) and all of t he  coef f tc len ts  for f i v e  solutes -- 
were set e s t d z ,  to be used t o  check the results of t he  fac tor  anralysis. k 

factor analysis  wes then carr ted out, a t  each of the three temperatures of 

t h e  studyo on the values of l n y  

solvents. 

terns were needed ( L e .  , j runs from 1 to 5 )  i n  t h e  equations In y i k  = 

fo r  the remaining 39 so lu tes  in seven 

The r e su l t  of this treatment was the discovery that only e 
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2 nijqjk to reproduce the  data  w i t h h  experimental error (2%). The analysis 

yie lds  values f o r  the so lu t e  fac tors ,  nij,  and solvent factors qjk,  but oE 

course does not ,  as observed above, tell how they are l o  be interp-etcd in  

physical terms. Actually this  ana lysh  leaves us with 5 x 39 so lu te  fac tors  

and 5 x 7 solvent f ac to r s ,  which then, i f  we were successful in chooshg dats  

to span t h e  f ac to r  space, ahould make possible prediction of other  data from 

only a few rceasurements. 

The f i r s t  test of t h i s  r e s u l t  was t o  apply it t o  the data whLch had 

bee2 s e t  aside. For the  solvent DNP, t h e  f i v e  f a c t o r s ,  q 

obtsined by using In$ vcllues for f ive  solutes i n  D?JP expected t o  span the 

required were j* 

so lu t e  f ac to r  space. (Here chemical Lntui t ionf)  T b s e  value8 w e r e  next 

used i n  conjunction with the s o l u t e  fac tors  n o  - t o  recompute the ac t tv t ty  

coefPicients of the remaining 34 solutes in DNP, obtaining excel lent  agree- 

ment with the experimental values, 

LJ 

The next test was t o  take t h e  data on t h e  fLve so lu tes  set as ide ,  snd 

determine the solute fac tors ,  n i j ,  for each of them from the  data i n  a suLtable 

set  of five solvents, t he  solvents t h i s  t ime  being chosen eo span the solvent 

space. These vzlues could then be used t o  reproduce the  I n y  values for 

the so lu tes  in  the remaining three eolventa, with excel lent  to f a i r  agreeman$ 

w i t h  experiment, 

The euecess of these tests establishes the  p rac t i ca l  valxe of the €actor 

analysis .  They i l l u s t r a t e ,  respectively,  the procedure for character iz ing 

a new solvent for gas-liquid chromatography, and the procedure for deciding 

wha-L solvents would best  separate  a par t icu lar  so lu t e  from a mixture, In 

e i t h e r  case f ive exper-hental determinations of a c t i v i t y  coef f ic ien ts  (Le. , 

of s p e c i f i c  retention volumes) a r e  suf f ic ien t .  The solvent  o r  solute Eac- 

tors obtained €ram these could then be used t o  calculate r e l a t i v e  v o l a t i l i t i e s  



of solutes in  proposed separattone,  thereby d e c i d h g  the  nose ef fec t ive  con- 

d i t i ons  for a separat ion without the grea t  expense of fu r the r  expzriment. 

The only question detract ing from a general appl icat ion cf th i s  scheme 

is how w e l l  the study has covered the variety of solvent-solute interactions. 

?Xis remains t o  be seen, but  it seems probable from t he  evidence available 

that the technic of factor analysis  with these data goes a long way towards 

provfding a rapld,  certain way of choosing t h e  solvent to obtain hlghest 

eff ieiancy Ln say given gas-1 iqutd chromatography separation. 

111. Research Planned for t he  Coming Year 

The proposal for which t h i s  grant was ewarded called for a study of BO 

s02cLes In 20 solvents. 

Engineering Cmpany) covered 44 solutes  Ln only 8 solvents.  The success of 

his  study, i n  pa r t i cu la r  the applicatfon of f a c t o r  ana lys i s ,  w i l l  mXe pos- 

sible shortening the labor of studying the remaintng combhations on the 

original lht ,  and the insights  obtained w i l l  suggest other solutas and eol- 

vents t o  fscizs attention on. 

MartLre’s work (performed a t  Esso Research and 

During the ounmaer 1964, the laboratory at Stevens w i l l  be ready for 

use in  co l lec t ing  data. Systemat’&.aapplLcation of the technic of factor 

analysis  to data  col lected t o  characterize the so lu tes  and solvents  w i l l  

enable predtction of other a c t i v i t y  coef f ic ien ts ,  These w i l l  then be deter- 

nhcd experhientally only as f a r  as they give t se fu l  infomation.  

The studies cf t h e  theory of solut ions begun by Martire will be 

pushed. In pncticular,  a t t en t ion  w i l l  be given t o  alternatives t o  the  

Hlldebrmd-Scatchard epproach. 

ture depandence of t h e  a c t i v i t y  coeff ic ients  has not  y e t  been exploited. 

The infomatLon already co l lec ted  on tempera- 

A further aspect of t he  study of t h e  fundamental theory of s o l u t h n  
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interactions is the possibility of obtaining interaction v k i a l  coefficients 

f ron the Cage. We want to explore fully t h b  interestins possibility. 

Later an extension of the range of applications and new insights may 

be obtained through the study of selected inorganic compounds. Consideration 

w i l l  be given during the year to more imagbative extensions of the research. 

Mr. Locke, the Post-Doctoral appohtee to join us in Yune, with 8 background 

trr gas-lfquld chromatography, ha8 expressed interest h €used salt system, 

and in l o w  molecular werght solvents. 
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AppendLx 

The libstrcrct, "An Investigation of the Thenaodynamics of Dilute Non-Electrolyte 
Solutions by Means of &s-Lfquid Chromatography,*' Daniel E. Marti re ,  Piz.D, 
Disser ta t ion,  Stevens Institute of Technology, 1963. 

It has been shown that the a c t i v i t y  coef f ic ien t  f o r  the so lu t e  componerk 
a t  h f i n l t e  dilution h the liquid phase CUI, in p r h d p L e ,  be measured by 
means of gas-liquid chromatography (G.L.C,), However, to obtain thermo- 
dynamically sound and accurate value8 
be taken and the resu l t ing  data must be c r i t i c a l l y  analyzed. Accordingly, 
acttvity coef f ic ien ts  have been measured for forty-four so lu t e s  in eight 
sol.vents (352 non-electrolytic binary solut ions)  at 53,2O C, 74.1' C and 
93.9O C. 

cer ta fn  experLmentn1 precautions must 

Both nest€-  and p o s l t h e  deviations from Raoult*s law are observed, 

A portion of this data fs studied through a c h i n e d  Hildebrand- 
Scgtchsrd and Graggent=eLm-MLller approach t o  solution theory. 
the solution a8 being ''regular" and then taking into account the difference 
kt s i z e  beb-een the solute and solvent molecules, a modified equatbn 
d e w l o p e d  whLch q m n t t t a t i v e l y  predicts ( to  w i t h h  t h ree  percent of the meas- 
ured values) the a c t i v i t y  coeff ic ients  for a ltmited number of system, 

By regsrdhg 

€8 

To arrive at a more general formulation, the mathematical technique of 
factor analysis Ls appl ied to the data. This r e s u l t s  in a method for the 
q u m t i t a t i v e  predictton of the ac t iv i ty  coef f ic ien t  of the solute, regard- 
less of the size or polar i ty  of the  components of the solution. 
that this method can be dZrectly applled to aid the a n a l y s t  i n  predicting 
the s u i t a b f l l t y  of a solvent  phase for a d i f f i c u l t  G.L.G. separation. 

It is shown 

In conclusion, it f8 f l l u s t r a t ed  that the values for the experimental 
a c t i v i t y  coef f ic ien ts  appear t o  be consistent w i t h  the ef act  of size and 
with the Lntemfecular forces (dfspersbn * dipole-induced dlpole,  dipole- 
dipole ,  hydrogen bonding, etc.  ) whLch are kncwn to be operelive in the 
1 iqu i d  phase. 


